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Millikelvin magnetotransport studies are carried out on heavily n-doped wurtzite GaN:Si films
grown on semi-insulating GaN:Mn buffer layers by metal-organic vapor phase epitaxy. The de-
pendence of the conductivity on magnetic field and temperature is interpreted in terms of theories
that take into account disorder-induced quantum interference of one-electron and many-electron
self-crossing trajectories. The Rashba parameter αR = (4.5 ± 1)meVA˚ is determined, and it is
shown that in the previous studies of electrons adjacent to GaN/(Al,Ga)N interfaces, bulk inversion
asymmetry was dominant over structural inversion asymmetry. The comparison of experimental and
theoretical values of αR across a series of wurtzite semiconductors is presented as a test of current
relativistic ab initio computation schemes. Low temperature decoherence is discussed in terms of
disorder-modified electron-electron scattering.
PACS numbers: 71.70.Ej, 72.15.Rn, 72.80.Ey, 72.20.-i
I. INTRODUCTION
Beside being strategic materials systems for nowadays
optoelectronic1 and high-power applications,1,2 GaN and
related alloys are expected to play a major role in the re-
alization of spin-related functionalities based on semicon-
ductors. In particular, Fe doping serves routinely to fab-
ricate semi-insulating GaN substrates.3 However, GaN
with higher Fe concentrations exhibits room temperature
ferromagnetic4,5 and antiferromagnetic5 features associ-
ated with the aggregation of Fe cations, leading to the
formation of various magnetically robust FexN nanocrys-
tals. Furthermore, light absorption associated with the
Mn mid-gap band in GaN improves the efficiency of GaN-
based solar cells.6 At the same time, the formation of Mn-
Mgk impurity complexes activates room temperature in-
frared luminescence,7 suggesting that the optoelectronic
capabilities of nitrides can be extended towards the com-
munication windows.
Other appealing aspects of these systems are associ-
ated with spin-orbit coupling (SOC). On the one hand,
the small value of the nitrogen proton number Za, leading
to weak spin-orbit splitting ∆so of the valence band, re-
sults in a long spin relaxation time of electrons in GaN.8,9
On the other hand, strong interfacial electric fields re-
sult in substantial Rashba-type SOC that in the extreme
case of GaN/InN/GaN quantum wells may lead to a
transition to the topological insulator phase.10 In this
context particularly appealing is the demonstration that
(Ga,Mn)N is a dilute ferromagnetic insulator,11–13 which
offers prospects to the search for phenomena associated
with the interplay between SOC and the exchange split-
ting of bands by ferromagnetic proximity effects.14
Here, we report on experimental studies of weak lo-
calization and antilocalization magnetoresistance in epi-
taxial layers of wurtzite (wz) n-GaN:Si. A theoret-
ical description of the data in terms of the Hikami,
Larkin, and Nagaoka theory,15 suitably adapted for wz
compounds,16 allows us to extract the magnitude of the
parameter αR describing the Rashba term linear in k
and accounting for the spin-splitting of the conduction
band in bulk wz semiconductors.17 This term is spe-
cific to the crystal structure in question and its pres-
ence is not associated with interfacial electric fields.18
The value of αR = (4.5± 1)meVA˚ we determine here is
by two orders of magnitude greater than the one found
by electron spin resonance (ESR) for electrons trapped
by donors or accumulated at the surface of n-GaN.19 At
the same time, it agrees with the value found for elec-
trons attracted to the GaN/(Al,Ga)N interface by po-
larization electric fields.20–26 Our results demonstrate,
therefore, that the bulk rather than the structure in-
version asymmetry accounts for the spin splitting of in-
terfacial states. We discuss also the chemical trends
in αR and show that the discrepancy between the cur-
rent ab initio theories27,28 and the present and previous
magnetoresistance,16,29 optical30,31 and ESR studies32 is
within a factor of two for various wz-n-type semiconduc-
tors: ZnO, GaN, CdS, and CdSe. Finally, we treat the
temperature dependence of the phase coherence length
Lϕ and conductivity σ in terms of electron-electron in-
teractions in disordered systems.33–35
2II. SAMPLES AND EXPERIMENT
The Si-doped GaN layers considered in the present
study have been grown in an AIXTRON 200RF hori-
zontal tube metalorganic vapor phase epitaxy (MOVPE)
reactor and deposited on a c-plane sapphire substrate us-
ing TMGa, MnCp2, NH3, and SiH4 as precursors for Ga,
Mn, N, and Si respectively, with H2 as carrier gas. After
nitridation of the sapphire substrate, a low temperature
nucleation layer (NL) is deposited at 540◦C and then
annealed at 1040◦C. Successively, a 1µm-thick GaN:Mn
buffer layer is grown also at 1040◦C, Mn being introduced
in order to compensate the n-type background proper of
the GaN layers fabricated by MOVPE. The concentra-
tion of Mn in the buffer layer is as low as 0.06%, as con-
firmed by secondary-ion mass spectroscopy (SIMS) and
SQUID magnetometry. A 150 nm layer of GaN:Si is fur-
ther grown at 1000◦C onto the GaN:Mn buffer layer. All
steps of the growth process are monitored with in situ
spectroscopic and kinetic ellipsometry.
The grown samples are systematically characterized
by atomic force microscope (AFM), high resolution x-
ray diffraction (HRXRD), high resolution transmission
electron microscopy (HRTEM) and SIMS has been em-
ployed for chemical analysis. The AFM micrographs re-
veal a flat surface (rms roughness ≈1nm) while HRXRD
and HRTEM confirm the high crystallinity of the sam-
ples. The HRTEM analysis does not reveal any secondary
phases like e. g. precipitates of SixN, and energy disper-
sive x-ray spectroscopy (EDS) states the homogeneous
distribution of Si in the doped layer with a concentration
of 0.24%, in agreement with SIMS data.
The magnetotransport measurements have been per-
formed on Hall bars with Ti/Au/Al/Ti/Au metallic
contacts fabricated by conventional photolithography.
Transport experiments down to 40mK have been car-
ried out in a dedicated home-built helium cryostat and
a dilution refrigerator. The electron concentration ob-
tained from the Hall data is found to be constant over
a wide range of temperatures and to have a value n =
1.2× 1019 cm−3, far over the critical value for the metal-
to-insulator (MIT) transition in bulk GaN, nMIT ≈
1018 cm−3.36 The degenerate and metallic character of
the samples is further documented by the absence of de-
pendence of σ on the temperature in the limit T → 0, as
well as by the values of the Hall mobility µ = 140 cm2/Vs
and kFℓ = 4.6 in this regime, where ℓ = ~kFµ/e is the
mean free path. Accordingly, we interpret the measured
magnetoresistance ∆ρ(T,B) in terms of quantum cor-
rections to the conductivity of disordered systems, devel-
oped for kFℓ > 1 and ℓ < lB = (~/eB)
1/2.33,34
III. EXPERIMENTAL RESULTS
In Figs. 1 and 2 the conductivity σ(T,B) = 1/ρ(T,B)
of the GaN:Si film is shown at different temperatures T as
a function of the magnetic field B applied perpendicular
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FIG. 1. (Color online) Magnetoconductivity at T ≥ 10K
(points: experimental data; solid lines: theoretical fitting).
The 3D theory of conductivity changes in the magnetic field
by Kawabata37,38 is employed with the phase coherence length
Lϕ(T ) as the only fitting parameter.
to the film surface, i. e. parallel to the wz-c-axis. It is seen
from Fig. 1 that for T ≥ 10K the magnetoconductivity
(MC) is solely positive, while from the data collected in
Fig. 2 for T ≤ 1.5K and down to 40mK there are contri-
butions of both negative and positive MC in low magnetic
fields. This negative component of MC is related to the
appearance of a weak antilocalization (WAL) maximum
(which vanishes above 1K), a distinct signature of SOC.
For T ≥ 10K, the experimental results are fitted
within a three dimensional (3D) theoretical model of
weak localization MC in semiconductors on the metallic
side of the MIT, as proposed by Kawabata.37 Here, the
phase coherence length Lϕ(T ) is the only fitting param-
eter. As seen, the theory describes the data quite accu-
rately. We add that the presence of positive MC is often
taken as an indication for spin disorder scattering. Ac-
tually, even in the presence of magnetic impurities, spin
disorder scattering is typically masked by other scatter-
ing mechanisms in semiconductors, and rarely perturbs
the conductivity directly.
However, this 3D model does not describe the observed
MC for T ≤ 5K and low magnetic fields, where two addi-
tional aspects must be considered, namely: (i) the impact
of SOC on the quantum corrections to the conductivity,
leading to a WAL maximum in MC below 1K (as seen
in Fig. 2) and (ii) a dimensional crossover from 3D to
2D that occurs if Lϕ(T ) & d, where d is the layer thick-
ness. In Fig. 2, the fingerprint of WAL is observed for
T . 1K and for B . 3mT. The MC data obtained for
T ≤ 1.5K are fitted with the theoretical model proposed
for 2D films in the weakly localized regime, kFℓ > 1, and
considering effects of spin-dependent scattering.15
According to the k · p theory, SOC in wz semicon-
ductors leads to a term linear in k in the effective mass
3equation,17,39
Hso = αRcˆ · (~σ × ~k), (1)
where αR is the Rashba k · p parameter; cˆ is the versor
along the wz-c-axis, and ~σ are the Pauli matrices. For
αRkFτ/~ < 1, the corresponding spin relaxation times
are given by,40
τ−1sox = τ
−1
soy = α
2
Rk
2
Fτ/3~
2; τ−1soz = 0, (2)
where the z axis is taken along the wz-c-axis, τ = µm∗/e
is the momentum relaxation time, and he effective mass
is m∗ = 0.22m0 for GaN.
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FIG. 2. (Color online) Magnetoconductivity at T ≤ 1.5K
(points: experimental data; solid lines: theoretical fitting).
The fitting is performed within the 2D model of conductivity
changes in the magnetic field by Hikami et al.,15 treating αR
and Lϕ(T ) as fitting parameters. The two lowest curves are
down-shifted for clarity.
Here, two fitting parameters αR and Lϕ(T ), are em-
ployed to describe the conductivity changes in mag-
netic field. From the fitting of the MC data in the
low temperature range, we find αR for wz-n-GaN:Si to
be (4.5 ± 1)meVA˚. Within the experimental uncertain-
ties, this value is virtually identical to the one deter-
mined by the interfacial polarization electric field E in
numerous MC studies of a 2D electron gas adjacent to
the GaN/(Al,Ga)N interface.20–25 This agreement means
that the Rashba spin relaxation associated with the wz
crystal structure dominates over effects brought about by
the interfacial field E . This also explains why the value of
αR determined for GaN/(Al,Ga)N heterostructures was
found to be independent of the gate electric field and of
the Al content in the barrier.23
In Fig. 3 we provide a compilation of αR values de-
termined through various experimental methods for wz
semiconductor compounds, plotted as a function of a har-
monic average of the cation and anion proton numbers,
Z¯ = 2(1/Zc + 1/Za)
−1, and compared to results of ab
initio computations in the framework of the density func-
tional theory with relativistic effects taken into account
non-perturbatively.42 A chemical trend, αR ∼ Z¯2.2±0.5,
is evident and confirms that the significance of the SOC
increases with the square of the nucleus charge. Further-
more, it is seen that the theory describes the experimen-
tal values with an accuracy better than a factor of two.
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FIG. 3. (Color online) Rashba parameter αR as a func-
tion of the harmonic average proton number Z¯, as deter-
mined experimentally from (i) weak antilocalization (solid
squares) for GaN:Si (this work), ZnO:Al,29 and CdSe:In;16
(ii) optical studies (solid triangles) for n-CdS (Ref. 30) and
n-(Cd,Mn)Se (Ref. 31), and (iii) electron spin resonance (star)
for n-ZnO/(Zn,Mg)O,32 compared to results of ab initio com-
putations [open circles (Ref. 27) and open diamonds (Ref. 28
and this work)]. Dashed line shows Z¯2.2 dependence.
Our fitting procedure provides also the values of
Lϕ(T ), which are shown in Fig. 4, and compared
to corresponding data for CdSe:In (Ref. 16) and
ZnO:Al (Ref. 29). A dependence Lϕ(T ) ∝ T−3/4 is
observed for all compounds over a wide temperature
range, a behavior expected theoretically for decoherence
brought about by electron-electron interactions in disor-
dered 3D systems.33,35 A transition to the 2D case occurs
in this case at LT = ~(kFℓ/3kBTm
∗)1/2 & d. A change
in the Lϕ(T ) slope observed in this region, if not caused
by noise-related decoherence, can be associated with the
dimensional cross-over.
According to theoretical expectations, Lϕ(T ) has the
same functional form for electron-electron scattering with
large and small energy transfers in the 3D case.35 The
relaxation times corresponding to these two contributions
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FIG. 4. (Color online) Phase coherence length Lϕ(T ) ob-
tained by fitting the magnetoconductance data for n-GaN
(Figs. 1 and 2) within the 3D and 2D models (squares and
circles, respectively). For comparison the corresponding data
for a film of n-ZnO (Ref. 29) and a bulk sample of n-CdSe
(Ref. 16) are also presented. Dashed line: dependence T−3/4;
solid line: LT for n-GaN marking a cross-over from 3D to 2D
at LT ≃ d, where d is the film thickness.
are given by,33,35
τϕ1 = 12
√
2π2~νF
[
1 +
3F
4 + F
((
1 +
F
2
)3/2 − 1
)]−1
L3T ;
τϕ2 =
8
3
k2F ℓL
3
T
D
. (3)
where the energy ǫ of quasiparticles is identified with
kBT , νF = m
∗kF /(π
2
~
2) is the density of states at
the Fermi level, and F is the coupling parameter in the
triplet channel. This parameter controls also the tem-
perature dependence of the conductivity at low tem-
peratures, whose studies lead to F = 2.73 for CdSe:In
(Ref. 16) and 0.15 for GaN:Si, as discussed below.
By taking τϕ = (1/τϕ1+1/τϕ2)
−1 and Lφ = (Dτϕ)
1/2,
we evaluate a = 550 and 1670nmK3/4 for the sam-
ple of CdSe:In and GaN:Si, respectively, where a is the
prefactor in the dependence Lϕ(T ) = aT
−3/4. Further-
more, our estimation confirms that scattering with large
energy transfers dominates, 1/τϕ1 ≫ 1/τϕ2. However,
the theoretical values of a are for both materials greater
than those implied by the experimental data presented in
Fig. 4, for which a = 300 and 440nmK3/4, respectively.
In Fig. 5 the zero magnetic field conductivity σ(T ) is
reported as a function of T 1/2, and it is seen to have a
linear dependence on square root of temperature below
25K. This behavior is assigned to quantum corrections
to the conductivity due to disorder-modified electron-
electron interactions.33,34 A quantitative comparison of
this slope to the theory leads to a value of the coupling
parameter in the triplet channel F = 0.15. This relatively
small value can be expected for kFℓ ≫ 1. However, on
approaching the metal-to-insulator transition the value of
F increases. This effect was observed in n-CdSe, where
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FIG. 5. (Color online) Dependence of the conductivity on
square root temperature. Dashed line: linear fit for tem-
peratures ≤ 25K, this behavior being explained in terms of
disorder-modified electron-electron interactions.
F ≈ 2.7 and the conductivity decreases with increasing
temperature.16
IV. CONCLUSIONS
In summary, we have carried out low temperature mag-
netotransport studies on high quality heavily doped wz-
GaN:Si films grown on a semi-insulating GaN:Mn buffer
layer. Our investigations reconfirm the relevance, in
doped degenerate semiconductors, of disorder-induced
quantum interference of one-electron and many-electron
self-crossing trajectories, effects not captured by the
Drude-Boltzmann description of transport phenomena.
The quantitative models of the magnetoconductance
data have allowed us to determine the Rashba parameter
αR, so far known only from studies of 2DEG adjacent to
GaN/(Al,Ga)N interfaces. Our results demonstrate that
inversion asymmetry associated with the wurtzite crys-
tal structure dominates over the effects of the interfacial
electric field in the conduction band of GaN. The compar-
ison of experimental and theoretical values of αR across
a series of wz semiconductors has provided an impor-
tant test of the current relativistic ab initio computation
schemes, demonstrating that the differences between the
experimental and theoretical values are within a factor of
two. Furthermore, our quantitative interpretation of the
decoherence length Lϕ(T ) has confirmed that electron-
electron scattering is a dominant source of phase breaking
in these systems. With these premises, wide perspectives
open for nitrides, as building-blocks for the next gener-
ation of spin devices exploiting spin-orbit coupling and
the magnetism of transition-metal doped layers.
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